We investigate the influence of biased feedback on decision and learning processes in a vernier discrimination task. Subjects adjust their decision criteria and hence their responses according to biased external feedback. However, they do not use learning processes to encode incorrectly classified stimuli. As soon as correct feedback is restored observers regain their original performance indicating an involvement of internal criteria. If the external feedback is switched off instead of being corrected, the rebound is less vigorous. The findings contradict predictions of supervised neural network models.
Introduction
Perception can be divided into two major steps (see Fig. 1 ). A stimulus is received by the sensory system and processed in different (parallel) channels (encoding stages). Thereafter, based on the output of this processing, a decision is made regarding which class the stimulus belongs to. An enhancement of performance can be due to an improvement of processing as well as to an adjustment of decision criteria.
Synaptic modifications on the early stages of visual information processing like the primary visual cortex V1 are commonly believed to be involved in the learning of hyperacuity tasks. The reason for this assumption is that learning does not transfer from one orientation of the stimulus to the perpendicular one and transfers only partly between the eyes (Fahle, Edelman & Poggio, 1995) . Therefore, modifications of receptive fields of monocular and orientation sensitive cells have to be involved in the learning process, which are different from decision processes (Fahle & Edelman, 1993; Gilbert, 1994 ; for an opposite view see Mollon and Danilova, 1996) . Analogous specificity's were found in many other perceptual learning tasks (Ramachandran & Braddick, 1973; Fiorentini & Berardi, 1980; Ball & Sekuler, 1987; Karni & Sagi, 1991; Polat & Sagi, 1994; Sundareswaran & Vaina, 1994) . Observers are able to exchange push buttons, used to signal their decisions in a two alternative vernier discrimination task, almost instantaneously and without significant loss of performance (Fahle & Edelman, 1993) . This switch means they are able to change their decision criterion -a process obviously not occurring on the early encoding stages. Taking into account all the experimental evidence available, models have to allow at least two stages of processing as is indicated schematically in Fig. 1 . We denote modifications occurring in early encoding stages as 'encoding learning' and changes in the decision stages are denoted as 'decision learning'.
Both kinds of learning can be described in a scenario using likelihood functions (Fig. 2) . The basic idea is that signal transfer is noisy and, therefore, the propagation of a signal x from one stage to an another one produces values y with a probability P(yx) (Green & Fig. 1 . A stimulus x is propagated through different encoding stages (i.e. channels or filters) leading to an output y with probability P(yx) on the decision stage. An improvement of performance can be due to (synaptic) modifications on the encoding stages as well as to an adjustment of decision criteria.
We presented verniers with four to five different offsets whose display probabilities and feedback conditions could be manipulated independently. In all experiments two stimuli (one offset to the left, one offset to the right) were presented with an offset size slightly above the individual threshold of the observers. For the vernier with the smallest offset to the left re6erse feedback was provided, i.e. a correct response was labelled as incorrect and vice versa. In the experiments only one of the five verniers shown in the lower row of this figure was displayed at each presentation. Stimuli always appeared in the middle of the screen. Each vernier x i produces a proximal signal z which is regarded as the input to the encoding stage and corresponds to the spatial offset of the stimulus. Because of proximal noise (for the sake of ease modelled as Gaussian noise with constant variance) these signals z vary between presentations of the same stimulus x i yielding likelihood functions P(zx i ). The vernier corresponding to each likelihood function is shown at the bottom of the figure and does not indicate the location of presentation. Depending on the encoding stage the proximal signals z yield output values y with a probability distribution P(yx i ) on the decision stage. In this figure the likelihood functions P(yx i ).and P(zx i ) are modelled as Gaussians with different variances for the decision and the encoding stage respectively. The values y and z on the abscissas are arbitrarily chosen, the ordinates show the probabilities P(yx i ).and P(zx i ). The likelihood functions P(yx i ) overlap much more than the likelihood functions P(zx i ) because the system has not yet learned to discriminate the stimuli. Based on the value y and depending on the decision criterion a decision is made for Class 1 or 2. A shift of the decision criterion to the left (hatched line), which might be induced by manipulated feedback, yields more responses for the verniers offset to the right (Class 2) and results in a decay of performance for all verniers offset to the left. The amount of deterioration depends on vernier offset size corresponding to the mean value of the related Gaussians: a vernier with a larger offset is less affected by the criterion shift than a stimulus with a smaller offset. Decision processes operate on the output values y. All likelihood functions remain constant. Swets, 1966) . P(yx) is called the likelihood function. If likelihood functions overlap a decision criterion dc has to be introduced in order to achieve a unique decision (Fig. 2) . Under these assumptions, encoding learning can be described by a change of likelihood functions occurring before the decision stage, while decision processes are described as a change of the decision criterion. Feedback might have a strong impact on both processes.
In encoding learning, parameters (the synaptic weights) are changed to improve performance, which corresponds to a modification of likelihood functions (Fig. 3) . In neurophysiological terms these modifications correspond to changes in the shape of receptive fields. If the likelihood functions are modelled as Gaussians a shift of the mean away from the decision criterion as well as a decrease of the variance increases the discriminability d% leading to improved performance. A decrease of the variance might be interpreted as a narrowing of receptive fields. Feedback, provided after every stimulus presentation, might act as a classifier: it provides the associated class label, namely: stimulus offset to the left versus right (class 1 versus 2). Consistently false labelling of data might lead to a misclassification based on a change of likelihood functions (see Fig. 3 ). We call such a misclassification (due to manipulated feedback and occurring before the decision stage) a mislearning.
Feedback might also influence the decision processes. For example, if feedback reinforces one class of decision over the other one, a shift of the decision criterion might take such a bias of feedback into account (see Fig. 2 ). A shift of the decision criterion yields more responses for the favoured side and, therefore, the amount of incorrect decisions (according to the external feedback) is reduced. All these changes related to decision processes occur after the encoding stages. We call a misclassification based on a shift of decision criteria (due to biased feedback) a misdecision (cf. Fig. 2 ). Feedback that always labels a stimulus incorrectly might lead to a misclassification of this stimulus due to modifications on the encoding stages, i.e. changes before the decision stage. These modifications are described by a change of the related likelihood function(s) which model the probability distribution(s) of the output y (see Fig. 1 ). For example, reverse feedback provided for the vernier with smallest offset to the left may induce a shift of the mean of the associated Gaussian from a decision region for Class 1 into a decision region for Class 2 (hatched curve, slanting hatched arrow). Only performance for this stimulus deteriorates. These processes occur before the decision stage and change the likelihood functions of the output values y instead of operating on them. The decision criterion remains unchanged. It is very important to note that decision and encoding learning are not exclusive processes. Quite to the contrary, we conducted the experiments in a way to allow that encoding and decision learning might occur together in order to test predictions of supervised neural networks (e.g. Hertz, Krogh & Palmer, 1991) . These models, proposed to describe encoding learning, exhibit some kind of a tabula rasa architecture, i.e. for every new task a new net is dedicated which learns the data in strict accordance to the classification signals (e.g. Poggio, 1990; Poggio, Fahle & Edelman, 1992) . Because only classification matters, these models reveal a strong degree of plasticity implying that it might be feasible to learn reverse classifications of verniers (see discussion on reverse feedback). But does the brain really reveal such a strong degree of plasticity?
Materials and methods

General set up
A vernier (see Fig. 4 ) consists of two almost aligned straight bars of the same orientation that are slightly displaced relative to each other by an offset which might be much smaller than the smallest diameter of retinal photo-receptors. Stimuli appeared on an analogue monitor (Tektronix 608 or Hewlett-Packard 1332 A, constant for individual observers), controlled by a 1.1. Prediction 1 (decision learning) Biased feedback favours decisions for the vernier offset to the right side over decisions for the stimulus offset to the left (class 1). Since feedback is used to estimate (and to minimise) the costs of misdecisions the decision criterion is shifted towards the left (see Fig. 2 ). Therefore, performance for all stimuli offset to the left deteriorates -while the number of error signals decreases. However, verniers with larger offsets are less affected by the criterion shift than stimuli with smaller ones (see Fig. 2 ).
Prediction 2 (encoding learning)
If feedback acts on encoding processes performance for verniers correctly labelled by feedback (e.g. the stimuli with largest offsets) should be constant or improve since the discrimination is enhanced through learning with correct feedback. Performance for the vernier with the smallest offset to the left should strongly deteriorate due to the mislearning caused by reverse feedback (see Fig. 3 ).
Macintosh computer via fast 16 bit D/A converters (1 MHz pixel rate). The stimuli were 21 arc min long and 2 arc min wide. To avoid directed eye movements, presentation time was restricted to 150 ms. Subjects observed the stimuli from a distance of 2 m in a room illuminated dimly by a background light. The luminance of the stimuli was around 180 cd/m 2 . All 26 subjects were paid undergraduate or graduate students from the University of Tuebingen or from the Massachusetts Institute of Technology (MIT) and had normal or corrected-to-normal acuity. None of our observers had ever participated in a hyperacuity experiment before and none of them took part in more than one of the experiments.
We first determined the appropriate displacement size for each observer by measuring their threshold for a horizontal vernier offset. Subsequently, vertical vernier stimuli were used to prevent learning effects possibly occurring during the threshold measurement from influencing the results (there is no transfer of learning when stimuli are rotated by 90°; Fahle & Edelman, 1993) . Observers had to discriminate, in a binary forced choice task, between offsets to the right versus offsets to the left by pressing one of two push buttons. Subjects were told that an incorrect response was followed by a tone from the computer but they were not asked to minimise the error feedback.
Specific set up
Up to three offset sizes were used for each direction. For each stimulus the display probability and the condition of feedback could be manipulated independently. With the exception of Experiment 4 the verniers with largest displacements had always an offset value yielding slightly more than 75% correct responses, i.e. they were slightly above threshold. The medium and smallest offsets were one third and two thirds, respectively, below this value. The vernier with the smallest offset to the left had no counterpart with identical offset to the right. Percentages of correct responses were measured for each of these stimuli (total: 80 presentations per block). All subjects participated only in a single session. In all experiments the probability for a vernier to be offset to the left was 0.75 (regardless of its offset size). Manipulated feedback was provided only for verniers offset to this side -favouring a decision for the vernier offset to the right (Class 2). In a recent study we have shown observers to assume that offsets to both sides are presented with the same probability (Herzog, Broos & Fahle, 1999) . If no feedback is provided they rely on this assumption during the whole session and, therefore, prefer to press each of the two push buttons with about the same frequency. If subjects adjust their decision criteria according to the biased feedback they act at least partly in accordance with this statistical prior as well.
Data analysis
To evaluate performance differences between the three vernier offsets to the left we assume that changes in performance as a function of number of trials can be described by the decreasing exponential aexp( −b x)+ c. Here, a+ c= aexp(0)+ c denotes the starting value, c the asymptotic level and b the slope approaching this asymptote. We assume that the different offset sizes yield different asymptotic levels, c. We fitted data for each observer and for each performance curve through Blocks 1-7 of the three vernier offsets to the left with the decreasing exponential aexp(− bx) +c in order to estimate c. Paired t-tests across observers were computed to determine statistical significance between the different offset levels. Fig. 4 shows the display probabilities, the rate of false positive (FP) and of false negative (FN) feedback for each of the five stimuli presented in this experiment. In the FP condition an error signal follows after correct responses and in the FN condition an incorrect response is not labelled. This set up was chosen to generate a 'smooth gradient' of biased feedback for the verniers offset to the left. Feedback for the vernier with medium offset to the left favours decisions for Class 2 (right offset). But the labelling of this feedback is ambiguous because no consistent class label is provided.
Results
Experiment 1
After the seventh block, correct feedback was provided for additional five blocks. Subjects were not informed about the correction of feedback. Five subjects participated in this experiment. We trained one additional observer for ten blocks without any change of feedback condition.
Observer's mean performance obviously deteriorates (collapsed over all subjects and all three verniers offset to the left) from about 62% in the first block to 37% in the seventh block (Fig. 5) . The manipulated feedback for two offset sizes affects all verniers offset to the left. Moreover, performance reflects displacement size: results for larger offsets are in general superior to those for smaller offsets (Fig. 5) . To test this observation statistically we computed the asymptotic levels across observers for each size of offset to the left by fitting the decreasing exponential to the data (Section 2). The asymptotic levels for these three curves were compared by means of a paired t-test (Table 1) . Because conditions of Experiments l and 5 are identical during the first seven blocks data are collapsed over both experiments. Performance for the largest offset is significantly better than for the smaller offsets. . Data for subject RR; no change of manipulated feedback throughout the experiment. Although percentages of correct responses for the verniers with medium and largest offsets to the left are very high initially, a decay of performance occurs which is due to the reverse feedback provided for the vernier with smallest offset to the left.
Because of the very similar conditions of Experiments 1 and 5 data are collapsed over these experiments. The '(10)' indicates that in Experiment 5 correct feedback was first provided in the tenth block. Both the difference in performance between Blocks 1 and 7 and the difference in performance between Blocks 7 and 8 (10) are statistically significant (Table 1) . No significant difference in performance can be found between Blocks 1 and 8 (10).
On average, performance for verniers offset to the right always exceeds 75% correct responses in the first seven blocks. After correction of feedback a deterioration of performance occurs for this offset direction.
We trained one subject (RR) throughout the experiment without changing feedback conditions to investigate whether a change occurs independently of a correction of feedback. The result is shown in Fig. 6 . Observer RR reaches an asymptotic level (around Block 4) and remains there for the rest of the experiment. It is surprising that under these strongly biased conditions and with the small sample size provided for each vernier a smooth curve results. It should be mentioned that the learning course of many subjects is more cleft than the one shown in Fig. 6. 
Experiment 2
In Experiment 1 the vernier with medium offset to the left was labelled ambiguously to obtain a 'smooth After the correction of feedback a strong rebound occurs. We computed paired comparisons between Blocks l, 7 and 8 (10). For paired t-tests the averaged performance of verniers offset to the left was used. 
To test this hypothesis, we provided reverse feedback only for the vernier with smallest offset to the left. For all other verniers correct feedback was provided. The verniers with largest offsets to the right and left were displayed with a probability of 0.15 and the medium ones with probability 0.1. The vernier with the smallest offset to the left appeared on average every second trial and therefore the rate of biased feedback (50%) was almost the same as in Experiment 1 (cf. Fig. 4) . After the seventh block correct feedback was provided. Five subjects participated in this experiment.
As in Experiment 1 performance deteriorates severely for all verniers offset to the left (Figs. 7 and 8) . The rate of error signals decreases accordingly from about 41.9 to 26.3%. A paired t-test shows a highly significant decay of performance between Blocks 1 and 7 ( Table  2 ). As in Experiment 1, a highly significant rebound of performance occurs after the correction of feedback (Table 2) . Performance for stimuli offset to the right improves reaching an asymptote of about 90% and falls off to a level close to the starting performance after correction of feedback (Fig. 8) . Performance for the largest offset to the left is significantly superior to that for smaller offsets to the left (see Table 2 ). figure) and over the two verniers offset to the right. A strong deterioration in the first seven blocks and a strong rebound after the correction of feedback occur for the stimuli offset to the left. In contrast, performance for the verniers offset to the right improves first but deteriorates after correction of feedback -in accordance with a shift of the decision criterion back towards the right.
Experiment 3
The next two experiments were performed to investigate quantitatively the effects of biased feedback. For this purpose we reduced the rate of biased feedback. Fig. 9 . Results of Experiment 3: same display probabilities as in Experiment 1, with correct feedback provided for all verniers except the stimulus with smallest offset to the left. For this stimulus reverse feedback was given. Again, a decay of performance occurs for all verniers offset to the left but a higher asymptote than in Experiment 1 is reached. After the correction of feedback (vertical line) a rebound is seen. Performance for verniers offset to the right is not shown but it is comparable to results of Experiment 2.
Experiment 4
Is it possible that at least the easily discernible stimuli can be unaffected by manipulated feedback? In this experiment we presented verniers with larger offsets and restricted reverse feedback to the vernier with smallest offset to the left. Moreover, there was no vernier with medium offset to the right in order to increase the amount by which the mean of the Gaussian associated with the reversely labelled stimulus may be moved towards the right, i.e. into the decision region of class 2 (see Figs. 3 and 4) .
Three verniers were presented offset to the left (as in the preceding experiments) and one vernier was displaced to the right with an offset size corresponding to the largest vernier offset to the left. This offset size was set at 20% above threshold, the smaller offset sizes were one third and two thirds respectively below this value. Only for the vernier with smallest offset to the left reverse feedback was provided. All other stimuli were correctly labelled. Display probability was 0.25 for all stimuli. The rate of reverse feedback was, therefore, 25%. A (mis)-classification according to the reverse feedback would result in a classification of the vernier with smallest offset to the left in favour of Class 2. In this case, the number of decisions for both classes would be the same. After the seventh block correct feedback was provided. Five subjects participated in this experiment.
Performance drops significantly for all verniers offset to the left but is significantly better for the vernier with largest offset than for stimuli with smaller offsets (Table 4 ). The rebound after correction of feedback (if there is one) is weak and fails to be statistically significant (Table 4) . Performance for the vernier offset to the right improves in the first three blocks. In contrast to
In Experiment 3 the same stimulus and feedback conditions were used as in Experiment 1 with the exception that correct feedback was provided for the vernier with medium offset to the left. Only the vernier with smallest offset to the left was incorrectly labelled and, therefore, the rate of reverse feedback was reduced to one third of all presentations (cf. Fig. 4 ). Correct feedback was provided after the seventh block. Experiment 3 combines, thus, the display probabilities of Experiment 1 with the feedback conditions of Experiment 2. Five subjects participated in this experiment.
As in Experiments 1 and 2, a significant deterioration of performance for all stimuli offset to the left occurs (Fig. 9, Table 3 ). The rebound of performance after the correction of feedback fails to be significant which might be due to the small sample size of five subjects (a more pronounced rebound is seen after Block 8, which we did not test for significance because of the post-hoc nature of such a test). However, the deterioration is less pronounced than in the preceding experiments. Mean performance for the vernier with smallest offset to the left never falls below 35% and yields mostly more than 40% correct responses for all stimuli. Performance for verniers offset to the right first improves but deteriorates after correction of feedback. Significant differences in performance between the largest offset to the left and the smaller ones were found (Table 3) . Table 3 Mean differences in Experiment 3 (in 'absolute' percentages of correct responses) and significance levels of paired t-tests between (a) the asymptotic levels reached after seven training blocks of different vernier offsets to the left (largest, medium and smallest offset); and (b) performance of Block 1 (start), Block 7 (end of biased feedback) and Block 8 (first block with correct feedback) better performance than stimuli with smaller offsets (see Tables 1-4 ; if data are collapsed across all experiments the vernier with medium offset to the left yields highly significantly better performance in Blocks 1-7 than the vernier with smallest offset to the left). After the correction of feedback, performance for stimuli offset to the right deteriorates. Taken together these results indicate a strong but smooth shift of the decision criterion towards the left -resulting in a higher decision rate for verniers offset to the right (Class 2).
The decay of performance for the vernier with largest offset to the left in Experiments 1-5 argues against Prediction 2: performance for this stimulus is severely degraded in spite of correct feedback provided for this stimulus. If feedback is used as a classification signal, the prediction is that performance of the vernier with smallest offset to the left is deteriorated by a shift of the corresponding likelihood function. Performance for the vernier with largest offset to the left, in contrast, should be constant or improved because of possible learning effects and because the overlap of the likelihood functions corresponding to both stimuli is reduced (see Fig.  3 ). A scenario of this kind would also result in a condition in which no adjustment of decision criteria is necessary: a shift of the likelihood function of the vernier with smallest offset to the left reduces the costs of misclassifications mediated by external feedback as a shift of the decision criterion does. Moreover, the statistical a priori assumption (of equal numbers of presentations with both offset sizes) would also have been fulfilled. For these reasons, we expected that learning and decision mechanisms would cooperate and, therefore, the predictions of both theories would come true.
However, our empirical findings contradict this expectation. The vernier with largest offset to the left is easy to discriminate (starting level \75% correct responses) and the differences in performance between the verniers with largest and smallest offsets are statistically significant. The system is clearly able to differentiate between theses verniers and, therefore, the system would have been able to learn different classifications-as 'suggested' by the reverse feedback. Moreover, the strong rebound of performance for the vernier with smallest offset to the left after correction of feedback clearly shows that no mislearning has occurred. Performance for this stimulus in Block 8 is sometimes even better than in Block 1 -strongly arguing against a misclassification due to learning. Finally, verniers offset to the right show a deterioration of performance after the seventh block -although correct feedback is still provided for them. This finding strongly argues against encoding learning but favours a shift of the decision criterion back to where it had been. It seems that under manipulated feedback conditions as used in our experiments the strongest effect by far is a shift of decision criterion. The means and the variances of the the other experiments, performance for the vernier offset to the right remains on a high level after correction of feedback (see Fig. 11 ).
Experiment 5
For the first seven blocks the same display probabilities and feedback conditions were used as in Experiment 1 (see Fig. 4 ). However, after the seventh block feedback was completely switched off for two blocks. After the ninth block correct feedback was provided (as in block 8 of Experiment 1). Five subjects participated in this experiment.
Again, performance of subjects deteriorates significantly in the first part of the experiment (see Fig. 12 and Table 1 ). After switching off feedback performance slightly improves for the eighth and ninth block. After correction of feedback the rebound is statistically significant between Blocks 7 and 10 (Table 1) and between Blocks 9 and 10 (absolute difference: 30.4; P-value 0.0222).
Discussion
Predictions of encoding and decision learning
We confirm Prediction 1 made in the introduction: performance for all verniers offset to the left decays severely and almost monotonically during the learning process. Moreover, the degree of deterioration scales with the discriminability d% of the stimuli. The vernier with the largest offset to the left yields significantly Gaussians associated with the stimuli remain unchanged (see Fig. 2 ).
Models of encoding learning
We tried hard to help subjects learning a reverse classification. Observers tend to assume that the two types of stimuli (offset to the right and left) appear with equal probability (a priori assumptions about a uniform distribution; see below: biased feedback versus 'biased' statistics). Therefore, we presented verniers more often offset to the left, i.e. supporting the effects of biased feedback. If following biased feedback, observers act in accordance with this a priori assumption. Moreover, we provided correct feedback for verniers with larger offsets simulating a correct usage of feedback. Only stimuli with a small d% were labelled reversely. Hence, we argue that if reverse encoding learning in the hyperacuity range occurs at all, it should have had occurred under these experimental conditions. However, we could not confirm these expectations and Prediction 2 turned out to be incorrect. Human perception is not as easily deceived as supposed in this prediction. Therefore, supervised models may not be completely adequate to account for early perceptual learning. This view is further supported by an investigation using manipulated but inconsistent feedback (see Section 4.8 and Herzog & Fahle, 1997) .
Re6erse feedback
It is impossible to provide reverse feedback for all verniers. Subjects realise the odd feedback condition very quickly (most times during the first trials of the first block). Such an unintended reverse feedback condition occurs sometimes when push buttons are unintentionally interchanged. In more than 25 experiments investigating perceptual learning only one subject relied on the unintended reverse association between push buttons and stimulus classes during a whole session. His curve of performance is incredibly cleft (see Herzog & Fahle, 1997) . The experiments of this paper aimed to investigate whether it is possible to learn a misclassification at least for a stimulus which is 'difficult' to discriminate and is presented under the 'wings' of correctly labelled and easier discernible stimuli. The result is negative. Internal criteria seem to prevent learning of odd classifications (see next paragraph).
Internal criteria
After a correction of feedback a strong rebound towards the original performance occurs (Experiments 1, 2 and 5). The misclassification (based on a misdecision) depends heavily on the external feedback because a change to a no feedback condition slows down the rebound towards the original performance (Experiment 5). The misclassification is instable because after correcting feedback the original performance is restored already after one block (Experiments 1, 2 and 5).
Because of the fast rebound towards the original performance internal criteria must be involved in the discrimination process. If no internal criteria were involved the adjusting of the decision criteria after the correction of feedback should be as slow as the adjustment to incorrect feedback during the first part of the experiments. Therefore, the time course of performance after installation of correct feedback should be a mirror image relative to the vertical line separating the two parts of the graph.
Interactions between the learning and the decision stage
Practicing a vernier discrimination task with correct feedback results in a strong improvement of performance which is due to encoding learning and only partly to an adjustment of decision criteria (see above). Also, practising with correct feedback leads to significantly faster improvement than without feedback (Fahle & Edelman, 1993; Herzog & Fahle, 1997 ). Since we did not find any hints for mislearning and no learning occurs for the correctly labelled vernier with largest offset to the left, interactions between the decision stage and the learning stage seem to be very probable. We hypothesise that in experiments with manipulated feedback the decision stage may send a veto signal to the learning stage, thereby preventing synaptic changes.
Because we did not find 'real' perceptual learning, i.e. encoding learning, with the paradigm presented in this paper, not too many conclusions about current debates in perceptual learning can be drawn. However, because highly non-linear interactions between the learning and the decision stage seem to be very probable we like to suggest that regarding where in the visual cortex perceptual learning actually occurs all opinions might be right -at least to some degree. In a recurrent loop the site of changes is difficult to assess because modifications on different levels might depend on each other. Therefore, it seems plausible that early stages (e.g. Fahle & Edelman, 1993; Schoups, Vogels & Orban, 1995) , intermediate stages (Ahissar & Hochstein, 1997) , as well as higher cortical sites are not only involved but cooperate (cf. Fahle, 1994; Herzog & Fahle, 1998 ).
Performance scales with feedback
The drop of performance scales with feedback: the more incorrect feedback is supplied, the stronger is the decision bias. To confirm this statement we computed the mean across the three asymptotic levels of the verniers offset to the left for each subject. The mean asymptotic levels of subjects in the experiments with a strong, i.e. 50% rate of biased feedback (Experiments 1, 2 and 5) were compared with the mean asymptotic levels of observers with a weaker (33 or 25%) rate of biased feedback (Experiments 3 and 4). An unpaired t-tests yields a highly significant difference between the asymptotic levels (PB0.0001). Analogous results were found for Experiments 1, 2, 5 versus Experiment 3: P B0.0001; and Experiments 1, 2, 5 versus Experiment 4: PB 0.0128 (the later result is not due to the higher performance of the starting level (Block 1) of Experiment 4 compared to the other experiments as we verified statistically and as is easily seen by inspecting Figs. 5 and 10 as well.
An important assumption for the interpretation of the data and actually one that motivated the experiments is that, on the input stage of the system, the signals are much clearer separated than on the output stage (which is the input of the decision making process). We consider this assumption to be fulfilled because after training almost all subjects reach thresholds in the range of 6 in., i.e. the (unchanged) input representations allow such fine discriminations, hence have only moderate overlap. Learning means to improve the transmission of the signals from the input to the output stage which is described by a change of the likelihood Offsets and, therefore, number of correct responses were increased for all stimuli, the rate of reverse feedback was further reduced compared to Experiments 1-3, and the vernier with medium offset to the right was removed (see text). A deterioration of performance occurs for all stimuli to the left but the effect is less pronounced than in Experiments 1 and 2 which provide a higher rate of manipulated feedback. Correction of feedback after the seventh block (vertical line) does not cause a significant rebound of performance.
functions. The results of observer RR show that highly discriminable stimuli, which yield clearly separated signals even on the decision stage, are strongly affected by Fig. 12 . Results of Experiment 5: same conditions as in Experiment 1 for Blocks 1 -7. After the seventh block feedback was switched off instead of being corrected. Correct feedback was provided after the ninth block yielding a strong rebound of performance.
biased feedback: starting performance of the verniers with largest and medium offsets to the left (and right) is initially at 100% correct responses, however, performance decays quickly during the training session (see Fig. 6 ). This result again argues against the hypothesis that learning has occurred, but favours the assumption of a strong shift of the decision criterion.
Biased feedback 6ersus 'biased' statistics
In Herzog, Broos and Fahle (1999) we show that as long as no feedback is provided subjects assume that the stimuli are uniformly distributed, i.e. vernier offsets in both directions are displayed with the same probability. In accordance with these results, the bias of decisions for the vernier offset to the right in Experiments 1 -5 follows the assumption of a uniform distribution. But the effect of biased feedback related to the costs of 'incorrect decisions' is stronger than the assumption of the uniform distribution (and a possible, associated change of decision criteria): a fast rebound of performance occurs after the change of feedback in spite of the non uniform statistics of the stimuli. Moreover, in Block 7 of the first experiment subjects make 27% 'left' decisions (the true display probability is 0.74). Analogous results are found in Experiments 2, 3 and 5. In Herzog, Broos and Fahle (1999) we provided no feedback using the same stimulus distribution as in Experiment 1 resulting in a 55% decision rate for the left offset which is close to the uniform distribution. Switching off feedback, again, yields a much weaker rebound of performance (Experiment 5) indicating the stronger influence of biased feedback compared to a 'biased' stimulus distribution.
Biased 6ersus manipulated feedback
The deterioration of performance is proportional to the rate of biased feedback. Other parameters tested seem to have little effect. It does not matter how many different offset sizes are presented (Experiment 4), whether or not the discriminability of stimuli is increased (Experiment 4), and whether the medium sized verniers are correctly labelled (Experiments 2 and 3) or not (graded feedback in Experiments 1 and 5). Moreover, the effect of feedback on decision criteria seems to be strong but quite unspecific. In analogy correct feedback has a major but unspecific positive influence on the learning process. Improvement with feedback is significantly faster with rather than without feedback. However, it does not matter whether we provide a specific trial-by-trial feedback, i.e. a signal after every incorrect response, or an unspecific block feedback, i.e. a score of correct responses only at the end of each training block (Herzog & Fahle, 1997) . The results of the previous and of the present study show that feedback is not used as a teacher signal labelling the data, i.e. attaching the label of the correct class to the individual stimulus presentation. On the basis of the present results we suggest that the role of feedback in learning a vernier discrimination task is to estimate the current performance level and to speed up or slow down the neuronal changes underlying perceptual learning (Herzog & Fahle, 1998) as well as to control the decision criteria via estimates of the costs of misdecisions. Moreover, if external feedback and internal criteria do not tally learning is suppressed.
It seems that after the correction of feedback in Experiments 1-4 no further improvement occurs. This effect was also found in experiments which provide correct feedback after a period of no or uncorrelated feedback (see Herzog & Fahle, 1997;  in the experiments providing uncorrelated feedback the FP and FN rate were 0.5 for all stimuli). We suggest that subjects stop relying on external feedback if it does not provide any helpful information. The difference between uncorrelated and biased feedback is that biased feedback is consistently wrong favouring or labelling one class while uncorrelated feedback is unbiased, i.e. not favouring one offset direction.
Natural response bias
The set-up of our experiments appears to be slightly 'unnatural'. However, training under conditions like these occurs sometimes for subjects showing a strong bias towards a decision for one offset direction maybe resulting from hand preferences (or complex aberrations of the eyes). Because of correct feedback and the self monitored higher decision rate for one displacement direction (assuming the uniform distribution as a statistical a priori assumption) these observers adjust their decision criteria in a way similar to the subjects in our experiments. It is not known yet whether these observers show 'real' learning after adjusting decision criteria and it is also unknown whether or not in the long run 'real' learning under the reverse feedback condition of Experiments 1-5 will occur. Further experiments will address these questions.
Conclusions
Subjects adjust their decision criteria in accordance with external feedback -even if it is strongly biased. However, this effect of manipulated feedback is not stable indicating an involvement of supervising internal criteria. Our results are not in good agreement with predictions of supervised neural network models. We are able to force subjects to change their decisions in a grotesque manner but unable to make them learn a grotesque misclassification.
